An inherent problem in the diagnostic PCR assay is the presence of ill-defined inhibitors of amplification which may cause false-negative results. Addition of an amplifiable fragment of foreign DNA in the PCR to serve as a hybrid internal control (HIC) would allow for a simple way to identify specimens containing inhibitors. Two oligonucleotide hybrid primers were synthesized to contain nucleic acid sequences of the Chlamydia pneumoniae 16S rRNA primers in a position flanking two primers that target the sequences of a 650-bp lambda phage DNA segment. By using the hybrid primers, hybrid DNA comprising a large sequence of lambda phage DNA flanked by short pieces of chlamydia DNA was subsequently generated by PCR, cloned into a plasmid vector, and purified. Plasmids containing the hybrid DNA were diluted and used as a HIC by adding them to each C. pneumoniae PCR test. Consequently, C. pneumoniae primers were able to amplify both chlamydia DNA and the HIC DNA. The production of a 689-bp HIC DNA band on an acrylamide gel indicated that the specimen contained no inhibitors and that internal conditions were compatible with PCR. Subsequently, a biotinylated RNA probe for the HIC was transcribed from a nested sequence of the HIC and was used for its hybridization. Detection of the HIC DNA-RNA hybrid was achieved by enzyme immunoassay (EIA). This PCR-EIA system with a HIC was initially tested with 12 previously PCR-positive and 14 previously PCRnegative specimens. Of the 12 PCR-positive specimens, 11 were reconfirmed as positive; 1 had a negative HIC value, indicating inhibition. Of the 14 previously PCR-negative specimens, 13 were confirmed as true negative; 1 had a negative HIC value, indicating inhibition. The assay was then used with 237 nasopharyngeal specimens from patients with pneumonia. Twenty-one of 237 (8.9%) were positive for C. pneumoniae, and 42 (17.7%) were found to inhibit the PCR. Specimens showing inhibitory activity were diluted 1:10 and were retested. Ten specimens were still inhibitory to the PCR and required further DNA purification. No additional positive samples were detected and 3 nasopharyngeal specimens remained inhibitory to PCR. Coamplification of a HIC DNA can help confirm true-negative PCR results by ruling out the presence of inhibitors of DNA amplification.
Since the recognition of Chlamydia pneumoniae by Grayston and coworkers (15, 19) in the mid-1980s as a significant respiratory pathogen, it has subsequently been associated with community-acquired pneumonia, sinusitis, pharyngitis, and bronchitis (4, (11) (12) (13) (14) 18) . In addition, C. pneumoniae has been linked to asthma, acute chest syndrome of sickle cell anemia, human immunodeficiency virus infection, Guillain-Barré syndrome, endocarditis, and more recently, coronary artery disease (1, 16, 20) . Chronic persistent respiratory infections have been reported (17) , and there is also evidence that C. pneumoniae can occasionally be identified by culture or serology from asymptomatic healthy individuals (10, 18) .
Despite the association of C. pneumoniae with a growing list of diseases, culturing of the organism continues to pose a challenge for many clinical laboratories. DNA amplificationbased diagnostic assays are being used more frequently by research laboratories to identify C. pneumoniae. Recently, illdefined inhibitors have been recognized as obstacles to the improvement in performance of nucleic acid amplification assays (6, 21) .
A common and efficient method of attenuating inhibitory substances in clinical specimens is resuspension of the centrifuged cellular component in a working buffer, rendering the majority of clinical specimens relatively free of inhibitors prior to amplification. Amplification assays like PCR (Chlamydia AMPLICOR; Roche Diagnostic Systems, Branchburg, N.J.) and ligase chain reaction (Abbott Laboratories, Abbott Park, Ill.) use this simple processing method in which urine specimens are resuspended in their respective buffers prior to the cell lysis step. Unfortunately, a small number of specimens undergoing similar routine processing continue to inhibit the amplification reaction, and positive specimens may go undetected because of false-negative results (2, 11) . We developed a PCR-enzyme immunoassay (PCR-EIA) using a hybrid internal control that can simultaneously identify C. pneumoniae DNA and assess the potential inhibitory nature of a clinical specimen to DNA amplification. We used a hybrid lambda phage DNA fragment as a hybrid internal control for coamplification with C. pneumoniae. Specific recognition of specimens harboring inhibitors can greatly increase the reliability of a diagnostic PCR assay by identifying only those specimens that require more stringent DNA extraction procedures prior to the PCR assay, thus minimizing false-negative results.
MATERIALS AND METHODS
Generation of the hybrid internal control. To make the melting temperature of the hybrid internal control DNA comparable to the melting temperature of the C. pneumoniae 16S rRNA gene, a 650-bp lambda phage DNA segment (sequence positions 40 to 690) with a GϩC content 61% similar to that of the C. pneumoniae gene was selected for use as the hybrid internal control (Fig. 1) .
Hybrid primers Hyb1 and Hyb2 were synthesized with previously described C. pneumoniae 16S rRNA primers (7), CpnA (sense) and CpnB (antisense), external to the corresponding 20-bp sense and antisense primer sequences of the lambda phage template, respectively: CpnA (sense), 5Ј-TGACAACTGTAGAA ATACAGC-3Ј (chlamydia sequence); CpnB (antisense), 5Ј-CGCCTCTCTCCT ATAAAT 3Ј (chlamydia sequence); Hyb1 (sense), 5Ј-TGACAACTGTAGAAAT ACAGCTTCCGGTTTAAGGCGTTTCC 3Ј (boldface indicates outer, chlamydia sequence and regular type indicates inner, lambda sequence); and Hyb2 (antisense), 5Ј-CGCCTCTCTCCTATAAATTCATCCAGCGCGGCTGCT TT-3Ј (boldface indicates outer, chlamydia sequence and regular type indicates inner, lambda sequence).
Hybrid DNA was amplified from primers Hyb1 and Hyb2, with the lambda phage DNA as template (Biolabs, Beverly, Mass.). The resultant 689-bp hybrid fragment consisted of a large sequence of lambda phage (650 bp) flanked at both ends by two short C. pneumoniae sequences (18 and 21 bp). These flanking chlamydia sequences are complementary to the primers CpnA and CpnB, respectively, and are consequently targets for these primers. To improve its storage, the lambda phage-chlamydia hybrid DNA was then cloned into a plasmid vector of Escherichia coli (plasmid pCR 2.1 [3.9 kb]; Original TA Cloning Kit; Invitrogen, San Diego, Calif.). After exponential growth in E. coli culture, plasmids containing the hybrid insert were purified with the Wizard miniprep DNA kit (Promega, Madison, Wis.).
The optimal dilution of plasmid was determined by titration, in order to minimize competition between the chlamydia DNA target and the hybrid internal control DNA target during PCR amplification. A series of 10-fold dilutions of the plasmid solution through a dilution of 10 Ϫ9 was amplified with chlamydia primers CpnA and CpnB. The titers were analyzed by ethidium-stained polyacrylamide gel electrophoresis. The plasmid dilution presenting the faintest positive band (10 Ϫ8 dilution, Ϸ50 fg DNA or Ϸ2,000 copies of the insert) was selected as the optimal amount of the hybrid internal control. Five microliters of the 10 Ϫ8 plasmid dilution containing cloned hybrid lambda DNA was then added as a hybrid internal control to each C. pneumoniae PCR, including the negative controls.
Lambda RNA probe generation and titration. To accommodate the large numbers of clinical specimens, a hybridization method and an EIA for the detection of amplified hybrid internal control DNA were developed. An RNA probe for the PCR product of the hybrid internal control was generated. Similar to the methods outlined by Gaydos et al. (7), a paired set of nested primers, primers T7-lambda 1 (containing the 22-mer T7-transcription promoter region) and lambda 2, were synthesized to be used in the amplification of a 202-bp nested lambda phage DNA fragment, which was needed for the transcription of a 224-mer biotinylated-UTP (Promega) lambda phage RNA probe: T7-lambda 1, 5Ј-TTAATACGACTCACTATAGGGTAGCTGGCTGACATTTTCGGT-3Ј (boldface indicates the T7 promoter region and regular type indicates the sense sequence), and lambda 2, 5Ј-CAACCTCCCGGCGCAGCTTT-3Ј (antisense sequence).
The resultant RNA transcript-probe was then titrated against chlamydia and lambda DNA products generated by PCR to achieve maximum sensitivity for the EIA detection of the hybrid internal control while minimizing the background signal. RNA probe dilutions of 2, 1, 0.5, and 0.25 l per ml of hybridization buffer were assessed, and 0.5 l/ml was chosen as the optimal RNA probe concentration for use against the amplified hybrid internal control DNA. Final detection of the DNA-RNA hybrid was performed by EIA, analogous to the methods used by Coutle et al. (5) .
Specimen preparation for PCR. Three hundred microliters of chlamydia samples or patient specimens was pelleted at 13,000 ϫ g, resuspended in 300 l of PCR buffer (10 mM Tris [pH 8.3], 50 mM KCl, 2.5 mM MgCl 2 , 0.01% gelatin), and then treated with 100 g of proteinase K (Sigma Chemical Co., St. Louis, Mo.) per ml and 0.5% each Nonidet P-40 and Tween 20 (Sigma). The specimens were incubated at 60°C either for 1 h or overnight, depending on the amount of cellular debris, and were then heated at 100°C for 10 min. Positive specimens were regularly incorporated to control for gross target loss. In addition, negative specimens were included to control for interspecimen contamination.
PCR. Diagnostic PCR for C. pneumoniae was performed as described previously by Gaydos et al. (9) with their original primers CpnA and CpnB. Thermocycling parameters were programmed for denaturation at 94°C for 15 s, annealing at 55°C for 15 s, and extension at 75°C for 35 s. Fifty milliliters of processed sample was used in a total PCR volume of 100 l. In addition, the hybrid internal control DNA (in the form of purified plasmid containing the hybrid lambda phage insert) was included in the cocktail preparation for the PCRs (5 l/ reaction mixture). Since the hybrid internal control contains flanking sequences specific to the 16S rRNA gene of C. pneumoniae, chlamydia primers CpnA and CpnB targeted the hybrid internal control, in addition to their primary function of targeting C. pneumoniae DNA in respiratory specimens.
Hybridization and EIA. Two hybridizations and EIAs were performed: one for amplified C. pneumoniae DNA and another one for the hybrid internal control amplified DNA (representative EIA data are presented in Table 1 ). The titration of the chlamydia-specific RNA probe for hybridization with chlamydia PCR products was performed as described previously by Gaydos et al. (8) . Hybridizations were performed in microamp tubes (Perkin-Elmer, Norwalk, Conn.), with the RNA probe for C. pneumoniae amplicons in one plate (8) and the 202-bp RNA probe designed for the hybrid internal control amplicons in another plate. Microfluor plates (Dynatech, Chantilly, Va.) were coated overnight with goat antibiotin. Hybridization products were added, and the mixture was incubated for 1 h at 37°C (to capture the biotinylated RNA probe) and then washed with phosphate-buffered saline buffer. The bound DNA-RNA hybrid was detected with an anti-DNA-RNA monoclonal antibody conjugated to alkaline phosphatase (7, 8) . Methylumbelliferyl phosphate in diethanolamine buffer was used as the substrate, and the reaction was measured in a fluorometer (Dynatech). The cutoff value for C. pneumoniae was calculated to be 5 standard deviations above the mean value (fluorescent units) for six chlamydia-negative controls. The cutoff value for the hybrid internal control was calculated to be 3 standard deviations above the mean value for three wells that did not contain an internal control (7). exhibited sequences common to C. pneumoniae at its 3Ј and 5Ј ends. Therefore, the PCR amplification of C. pneumoniae cultures or inhibitory substance-free clinical specimens positive for C. pneumoniae exhibited two bands on ethidium-stained polyacrylamide gel electrophoresis: one band (463 bp) diagnostic for C. pneumoniae and a control band (689 bp) for the hybrid internal control. Inhibitory substance-free clinical specimens negative for C. pneumoniae contained only the control band of 689 bp, representing the amplified hybrid internal control. A positive hybrid internal control band indicated that no detectable inhibitors were present within the specimen and that biochemical conditions were optimal for PCR amplification. A gel showing the coamplification of both chlamydia DNA from culture and the hybrid internal control DNA is presented in Fig. 2 .
RESULTS

Coamplification of
Twenty-six specimens previously tested by PCR were used in a pilot study, including 12 positive specimens and 14 negative specimens. Eleven of these 12 specimens positive by PCR again tested positive for C. pneumoniae, and 1 specimen showed inhibition. Thirteen of the 14 specimens negative by PCR again tested negative for C. pneumoniae, but 1 specimen demonstrated inhibition. The inhibition was resolved after dilution of the specimens 1:10, and the PCR result was negative for both specimens (Table 2) .
Previously untested nasopharyngeal (n ϭ 237) swab samples from pneumonia patients were assayed (Table 2) . Of these specimens, 21 (8.9%) were found to be positive for C. pneumoniae by our PCR-EIA, while 42 (17.7%) exhibited inhibition. Thirty-eight of these 42 specimens that inhibited the PCR and for which enough volume for retesting was available were diluted 1:10 in PCR buffer and were retested. Of these, 28 (73.7%) were no longer inhibitory and retested negative, indicating that they were true negative for C. pneumoniae by PCR. The remaining 10 (26.3%) specimens, which continued to show evidence of inhibition, were subjected to phenol-chloroform extraction and ethanol precipitation to further purify the DNA and were then retested. None tested positive for C. pneumoniae, but 3 of these 10 specimens continued to show inhibition.
DISCUSSION
The key feature of our new PCR-EIA system is the incorporation of a novel hybrid DNA fragment, the internal control, which can be coamplified along with the 16S rRNA gene of chlamydia by using the same primer set described earlier by Gaydos et al. (9) to specifically target C. pneumoniae. No other primers were needed for the actual chlamydia assay. The cotargeting ability of chlamydia primers CpnA and CpnB was entirely a reflection of the hybrid nature of the internal control, designed to possess DNA sequences from both lambda phage and chlamydia genomes. The hybrid internal control was first created in a single PCR with hybrid primers Hyb1 and Hyb2. The hybrid primers were designed to have four primer sequences that serve two distinct functions: the inner lambda sequences of the hybrid primers (i) initially targeted a 650-bp lambda phage segment for the separate generation of a 689-bp hybrid lambda phage-chlamydia fragment and (ii) concurrently ferried the outer chlamydia-specific sequences (18 and 21 bp) of the hybrid primers into the final hybrid product. Therefore, chlamydia primers CpnA and CpnB could specifically target these external sites of the hybrid internal control when it was added to our standard diagnostic PCR assay for C. pneumoniae. This new scheme does not alter the original concentrations of the previously optimized PCR components for the testing of C. pneumoniae, nor does it require a change of the targeting primers.
Because of the annealing competition between the chlamydia sites and the hybrid internal control sites for same primers CpnA and CpnB, no detectable hybrid internal control DNA was amplified by these primers when very high concentrations of chlamydia target DNA (500 to 2,000 infective units) were present in the sample. However, at the lower concentrations of chlamydia target DNA (8 to 125 infective units), the hybrid internal control was increasingly amplified, with the strongest amplification obtained in the absence of chlamydia DNA. The lack of amplification of the hybrid internal control is not an issue when specimens strongly positive for chlamydia are detected. When specimens are negative for chlamydia DNA, the strongest amplification of the hybrid internal control product is achieved, thus confirming the absence of PCR inhibitors in the processed samples.
It is unknown why 1 of the 12 previously PCR-positive specimens in the pilot study failed to test positive both for C. pneumoniae and for the hybrid internal control. Freeze-thawing or prolonged storage may have exhausted an already low concentration of the chlamydia target within the specimen. After a 10-fold dilution of the same processed specimen, the hybrid internal control was amplified by repeat testing, indicating that an inhibitor was present in this specimen.
From the routine processing of previously untested clinical specimens, our internal control-based PCR system for C. pneumoniae detected 42 of 237 (17.7%) specimens that contained inhibitors. Further dilution and/or DNA purification of only these specimens was required to remove the inhibitors and resulted in the successful amplification of the hybrid internal control for all but three clinical specimens, which remained inhibitory (6) . This selection method was more routinely efficient and easier compared to retrospectively spiking all negative samples with chlamydia DNA and then retesting them all. As suggested by Verkooyen et al. (21) , too much DNA used for spiking experiments can circumvent PCR inhibition but may fail to reveal baseline inhibition for amplifying the target of interest.
Inhibitors of PCR amplification have been noted in the past by comparing PCR methods to either culture or other "gold standard" evaluation methods (3, 21) . However, there is concern when an amplification system has no comparison schemes for enabling the recognition of specimens containing inhibitors. Although several processing techniques have been recommended to reduce the effects of inhibitors, such as incubation of the sample at 4°C with a delay in testing, preparation of a 10-fold dilution, heating of the sample at 95°C for 10 min, freeze-thawing of the sample, or DNA extraction, the complete reliance on a diagnostic PCR assay necessitates use of a routine and efficient method to determine which specimens contain inhibitors that may prevent the identification of a truepositive sample (21) .
As more diagnostic systems become increasingly dependent on DNA amplification strategies, the problem of PCR inhibition will inevitably become more problematic (21) . The concurrent amplification of a hybrid internal control in each PCR test provides a measure of confidence for negative results when conditions are compatible for amplification to occur in that reaction. We found the degree of inhibition in the clinical respiratory specimens (17.7%) to be similar to those reported for endocervical specimens (19%) but higher than those reported for urine specimens (1.8 to 2.6%) (2, 11, 21) . Unfortunately, the actual causes and mechanisms of inhibition are still vague. The possible sources of inhibition have been speculated to include protein, organic chemicals, and/or ionic compounds (6, 21) . The use of BLOTTO (bovine lacto transfer technique optimizer; essentially 10% skim milk) in the PCR was suggested by De Boer et al. (6) to prevent the effects of inhibitory compounds, such as polyphenolic molecules, found in DNA preparations extracted from plants. Skim milk has been primarily used in Western and Southern blots to prevent nonspecific attachments of proteins and nucleic acids to the nitrocellulose. Although it did not hamper our PCR, skim milk was empirically detrimental to the EIA detection end of our diagnostic system. This was probably due to an abundance of milk proteins that might have interacted with the EIA antibodies to impede their proper activity.
The use of an extraneous DNA fragment as a hybrid internal control for the nucleic acid amplification of C. pneumoniae confirmed that PCR-negative specimens did not contain inhibitors and therefore were truly negative. The dilution or DNA purification and retesting by PCR of only those specimens which showed inhibitory activity provides an efficient system compared to processing schemes which might involve the routine dilution and/or arduous DNA purification of all specimens prior to amplification. Also, while the use of sample dilutions was observed to reduce the level of inhibition by some specimens, a standard practice of diluting all clinical specimens could inadvertently reduce or eliminate target DNA below the level of detection by PCR for samples already containing low levels of DNA targets (21) . Thus, the incorporation of a minimal concentration of a hybrid internal control which can be amplified along with the target of interest by using the same primers specific for the same target sites on both products, was an effective measure for maximizing the sensitivity and reliability of our PCR-based diagnostic assay for C. pneumoniae.
